Electrochemical properties of MnO 2 /multiwall carbon nanotube (MWCNT) composites were investigated by using cavity microelectrodes (CME). Electrochemical kinetics of the MnO 2 /MWCNT composites were studied by analyzing the scan rate dependence of voltammetric charge, which was measured by cyclic voltammetry (CV) at various scan rates ranging from 20 mV s −1 to 1000 mV s −1 . Based on several mathematical models, the relationship between voltammetric charge and scan rate was interpreted systematically. At slow scan rates, ion diffusion in MnO 2 dominantly determined the rate of the overall electrochemical process. However, the faradaic reaction of Mn 3+ /Mn 4+ at the MnO 2 surface competed with mass transfer in terms of kinetics when the potential scan rate was higher than 400 mV s −1 . © 2013 The Electrochemical Society. [DOI: 10.1149/2.070401jes] All rights reserved.
Cyclic voltammetry (CV), a powerful tool for the analysis of electrochemical systems, has been widely used to study electrochemical kinetics and to monitor the surface electrochemical reactions of transition-metal oxide electrodes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] CV data are interpreted on the basis of the relationship between current (I) and potential scan rate (ν) or between voltammetric charge (q * ) and ν. In the former case, the current response in the CVs can be deconvoluted into two terms: (1) the current attributed to the surface capacitive process (I s ) and (2) the current attributed to diffusion-controlled insertion processes (I d ):
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In the latter case, the charge obtained from voltammetric measurements includes components corresponding to outer (q * outer , independent of ν) and inner voltammetric charge (q In both approaches, the total number of electrochemical reaction sites is divided into surface and bulk reaction sites. In Eq. 1, the current terms, which are proportional to ν and ν 1/2 , correspond to the constant and ν −1/2 -dependent charge terms in Eq. 2, as the surface and bulk descriptors, respectively.
While these relationships allow for a better understanding of the electrochemical kinetics of electrochemical energy storage materials, they suffer from certain limitations. The relationship between I and ν 1/2 and that between q * and ν −1/2 is not always linear in the desired scan rate range, 3, 6 making these dependences unsuitable for interpreting the CV data measured over the entire potential scan rate range in a given analytical method.
In this study, we analyzed the electrochemical kinetics of an electrode material at a low potential scan rate, for the diffusion of ions in the active material (bulk electrochemical reaction sites). Moreover, we investigated the electrochemical kinetics at a high potential scan rate for a surface electrochemical reaction on the basis of a modified relationship between q * and ν. A MnO 2 /multiwall carbon nanotube (MWCNT) composite was chosen as an electrode material to investigate electrochemical kinetics at both low and high potential scan rates. The charge storage mechanism in MnO 2 is based on ion insertion, similar to that of other electrochemical energy storage materials. However, the rate capability of MnO 2 is superior to that of the conventional electrode materials used in lithium-ion batteries because MnO 2 has a thinner effective diffusion layer. Moreover, introduction of the highly conductive MWCNT into MnO 2 would improve the rate capability of the resultant composites. Cavity microelectrodes (CME) z E-mail: kbkim@yonsei.ac.kr; rkc@kicet.re.kr were used for electrochemical measurements of the MnO 2 /MWCNT composites; these electrode materials have been widely used in the study of Li-ion batteries and electrochemical capacitors. [10] [11] [12] [13] [14] [15] [16] [17] [18] Since the CME allows for the use of a potential scan rate of a few V s −1 , it is well-suited to investigate the electrochemical kinetics at much higher scan rates as compared to a conventional electrode.
Experimental
The MnO 2 /MWCNT composite was fabricated by the direct redox reaction between MWCNTs and permanganate ions in an aqueous solution. Briefly, 1.0 g of MWCNTs (specific surface area = 200 m 2 g −1 ; ILJIN Nanotech) dispersed in a 200 mL aqueous solution of 0.1 M KMnO 4 (Aldrich) was heated and maintained at 70
• C. The suspension was filtered and washed repeatedly with distilled water to afford MWCNTs coated with birnessite-type MnO 2 including an amorphous phase. The detailed synthetic procedure and characterization is described elsewhere. 19 Electrochemical measurements of all the MnO 2 /MWCNT composites were performed in a three-electrode electrochemical cell. A CME filled with the MnO 2 /MWCNT composite was used as the working electrode, while a platinum plate and a Ag/AgCl/saturated KCl electrode were used as the counter and reference electrodes, respectively. CV experiments were performed using a potentiostat/galvanostat (Solartron 1470E, Cell Test System) in a 1 M Na 2 SO 4 aqueous solution in the potential window between 0.0 and 0.8 V (vs. Ag/AgCl). Figure 1a shows the cyclic voltammograms of the MnO 2 /MWCNT composite for various scan rates ranging from 20 mV s −1 to 1000 mV s −1 . The cyclic voltammograms of the composite in the CME retained rectangular shapes up to scan rates as high as 1000 mV s −1 , indicating ideal capacitive behavior. However, despite a slight distortion in the voltammetric curves, the composite exhibited a decrease in q * . As shown in Figure 1b , q * decreased drastically for scan rates below 200 mV s −1 and decreased gradually when the scan rate was increased up to 1000 mV s −1 . Gaberscek et al. studied the effect of electronic wiring topology on the electrochemical kinetics of a given electrode. They suggested that the surface electrochemical reaction, which occurs at the site of contact of the electronic and ionic reservoirs with each wire, is faster than solid-state diffusion within bulk particles. 20 According to this model (Figure 2a) , total current is the sum of the currents ascribed to the surface and bulk electrochemical reactions. The response of the current at a fixed potential is deconvoluted into the current attributed to the surface capacitive effect and into the diffusion-controlled insertion processes:
Results and Discussion
where C (V or t) and D (V or t) indicate the coefficients related to the surface capacitive effect and the solid-state diffusion at each potential, respectively. This equation generated from Eq. 1 suggests that the kinetics of the overall charge storage process is influenced by the diffusion of ions in the solid electrode materials. The electrochemically effective surface area, A (area of surface electrochemical reaction site), is given by:
where n s and A s are the number of electrochemical reaction sites and the area of each site, respectively. Effective surface area A, which is the area over which charge transfer occurs, is not the BrunauerEmmett-Teller area or the electrode area and hence is difficult or impossible to be measured. The bulk electrochemical reaction site is involved in charge storage through the diffusion of cations inserted into MnO 2 following the surface electrochemical reaction; hence, the diffusion area in the bulk electrochemical reaction site might be similar or proportional to the area of the surface electrochemical reaction site. When the current response was deconvoluted into contributions from the surface and bulk electrochemical reactions, the current could be investigated at a fixed potential. 9 When the scan rate increased, the current response also generally increased. However, the current response sometimes decreased at a fixed potential despite an increase in the potential scan rate; this was due to the shift in the peak potential resulting from a high overpotential. In that case, it is difficult to analyze the electrochemical kinetics using relationship between the scan rate and current response. Therefore, we separate the contributions from the surface and bulk electrochemical reactions using the voltammetric charge obtained by integrating the current:
[5] where q * s and q * b indicate the voltammetric charges related to the surface capacitive effect and solid state diffusion, respectively. In the plot of I vs. t, since the current is varied with potential and time, C (V or t) and D (V or t) also change with potential and time (Figure 2b) . The voltammetric charge could be calculated from this plot, though C (V or t) and D (V or t) could not be calculated. In order to readily analyze the relationship between the scan rate and voltammetric charge, mean coefficients related to the surface capacitive effect (C * ) and solid-state diffusion (D * ) were adopted. Since only the voltammetric charge (area of the plot of I vs. t) was considered in our study, we assumed the plot of I vs. t (Figure 2c ) with the same voltammetric charge and time range using C * and D * . Eq. 5 can be written as:
where V indicates the integrated potential range, and q * is obtained by integrating the anodic current in the anodic scan and cathodic current in the cathodic scan. Since the voltammograms are distorted at a high potential scan rate, the potential range decreases with an increase in the potential scan rate; q * was divided by the integrated potential range at each potential scan rate, and q * / V was plotted as a function of ν −1/2 to analyze the electrochemical kinetics, as shown in Figure 2d . A linear relation between q * / V and ν −1/2 was found at scan rates of 20 mV s −1 and 100 mV s −1 , but deviated from linearity at higher scan rates, indicating that Eq. 7 is unsuitable for the analysis of electrochemical kinetics at high potential scan rates.
At low potential scan rates, the kinetics is influenced by only the solid-state diffusion in MnO 2 , and the voltammetric charge per unit voltage (q * s / V = AC * ), related to the surface electrochemical reaction, remains constant but changes as the potential scan rate increases. The area (or number) of the surface electrochemical reaction sites will be reduced by another kinetics limitation factor with an increase in the potential scan rate. Since the surface electrochemical reaction site is connected to the electronic as well as ionic paths as shown in Figure 2a , the electrochemical kinetics of the surface electrochemical reaction is supposed to be influenced by the supply of electrons and ions, or the Mn 3+ /Mn 4+ redox reaction rate. The number of surface electrochemical reaction sites (n s ) might change with the feed rate of electrons and ions, or with the redox reaction rate at the MnO 2 surface.
If the supply of electrons is the kinetics limitation factor in the surface electrochemical reaction, the area for this reaction (the number of surface electrochemical reaction sites) can be determined by the number of electrons reaching the MnO 2 surface. According to Ohm's law, the voltammetric charge is proportional to ν −1 , as shown in Fig. S3 . We assumed that electrical resistance of electrode materials (R) is a constant value. The relationship between the number of surface electrochemical reaction sites (or voltammetric charge) and the potential scan rate is as follows:
where q * e and F are the amount of charge carried by the electrons and the Faraday constant, respectively. The area of the surface electrochemical reaction site can be expressed as:
) unless CC License in place (see abstract Then, on the basis of Eq. 9, Eq. 7 can be re-written as:
As shown in Figure 3a , there exists a linear relationship between q * ν/ V 3 and ν −1/2 at a high potential scan rate, but a negative slope is observed despite A s , R, F, D * , and V being positive values. This suggests that the feed rate of electrons is not the kinetics limitation factor in the surface electrochemical reaction.
If we assume that the kinetics limitation factor in the surface electrochemical reaction is governed by ion diffusion in the electrolyte, the area of the surface electrochemical reaction would be determined by the number of ions diffusing to the MnO 2 surface. The voltammetric charge governed by ion diffusion is proportional to ν −1/2 . The details about establishing the equation is shown in the SI. 4. The relationship between the number of surface electrochemical reaction sites and potential scan rate is considered to be:
where q * i and D * s are the amount of charge carried by the ions and a coefficient related to the diffusion of ions in the electrolyte, respectively. The area of the surface electrochemical reaction sites can be written as:
Using Eq. 13, Eq. 7 can be written as:
In this case, also, a linear relationship is observed between q * ν 1/2 V −2
and ν −1/2 at a high potential scan rate (Figure 3b ), but despite the positive D * s value, the slope is negative. Moreover, ion diffusion in the electrolyte is not the rate-limiting step in the surface electrochemical reaction.
Finally, we assumed that the rate of the Mn 3+ /Mn 4+ redox reaction at the MnO 2 surface is the kinetics limitation factor in the surface electrochemical reaction, and that this redox reaction is a first-order reaction. As shown in S5, the relationship between the number of surface electrochemical reaction sites and the potential scan rate is: [16] where C 0 and k are the total number of Mn atoms on the surface of the active material and the rate constant, respectively. The area of the surface electrochemical reaction site can be expressed as:
Using Eq. 17, Eq. 7 can be written as:
When k is 7 s −1 , a linear relationship between q * / V[1 − exp (−k V/ν)] and ν −1/2 is observed in the high scan rate region, and a positive slope is obtained (Figure 3c ). This result is in agreement with the positive C 0 value. However, the relationship generated from the rate equation will not apply in all cases. As shown in Figure 4 , when the rate constant is below 5 s −1 , the relationship expected from Eq. 18 is not observed, suggesting that the redox reaction should have a rate constant above 5 s −1 . From the above-mentioned analysis of the MnO 2 /MWCNT composite, we can say that the voltammetric charge is a function of the potential scan rate. The voltammetric charge is governed by ion diffusion in MnO 2 at low scan rates and by the redox reaction at the MnO 2 surface as well as the ion diffusion in the active material for scan rates exceeding 400 mV s −1 . Figure 5 depicts the three different sites on the MnO 2 material: two electrochemical reaction sites and an electrochemically unreactive site. The surface electrochemical reaction site is accessible to both electrons and ions, while the bulk electrochemical reaction site is inaccessible to either electrons or ions at a given instance, or to both. The bulk electrochemical reaction site participates in electrochemical reactions through an ion diffusion process in MnO 2 . The electrochemically unreactive site cannot participate in the electrochemical reaction because of kinetic limitations. At a low potential scan rate range (below 200 mV s −1 ), as the potential scan rate increases, the electrochemically unreactive sites increase only in the bulk electrochemical reaction site. However, at a high potential scan rate range (above 400 mV s −1 ), the electrochemically unreactive sites increase in both bulk and surface electrochemical reaction sites.
In summary, the voltammetric charge is composed of the charge for the bulk electrochemical reaction site and the charge for the surface electrochemical reaction site. At lower potential scan rates, the voltammetric charge shows a scan rate dependence of the bulk electrochemical reaction due to the kinetic limitation of the ion diffusion process in the bulk, however, it shows no scan rate dependence of the surface electrochemical reaction. At higher potential scan rates, the voltammetric charge shows not only a scan rate dependence of the bulk electrochemical reaction due to the kinetic limitation of the ion diffusion process in the bulk, but also a scan rate dependence of the surface electrochemical reaction due to the kinetic limitation of the charge transfer process in the surface electrochemical reaction. The latter gets more pronounced as the potential scan rate is increased.
Conclusions
Cyclic voltammograms of MnO 2 /MWCNT composites were analyzed using the voltammetric charge equations to investigate the electrochemical kinetics of the MnO 2 /MWCNT composites as a function of the potential scan rate. At a low potential scan rate, the voltammetric charge, related to the surface electrochemical reaction site, is constant and the loss in voltammetric charge is ascribed to the kinetic limitation of the ion diffusion process in the bulk electrochemical reaction site. When the potential scan rate exceeds 400 mV s −1 , the loss in voltammetric charge is due to the kinetic limitation of the charge transfer process in the surface electrochemical reaction and the ion diffusion process in the bulk electrochemical reaction.
